Hybrid nanofillers composed of different ratios of carbon nanotubes (CNTs) and sodium montmorillonite (MMT) were prepared by physically pulverizing both materials in powder form. Their dispersion behavior was investigated in different solvents (water, toluene and carbon tetrachloride). UV-vis spectroscopy showed that the absorbance at 550 nm for the CNTs becomes more intense with the increasing amount of added MMT, when water is used as a solvent, implying their improved dispersion. This is not so evident for toluene and carbon tetrachloride. TGA analyses showed that the thermal stability of the hybrid nanofillers increases with the increase of the MMT content. Raman spectroscopy confirmed the mutual interaction between CNTs and MMT, demonstrated by shift of D and G band with addition of MMT in the nanofiller.
INTRODUCTION
Since their discovery in 1991 [1] great interest has been shown in carbon nanotubes (CNTs) both in the theoretical understanding and in practical applications. This interest has been driven by the unique structural and superior electrical, thermal and mechanical properties of these materials [2] . However, due to their lengthy geometric shape and strong Van der Waals force attraction, estimated at 500 eV/μm of tube length [3] , CNTs tend to aggregate. Also, their chemical inertness leads to poor dispersion capability and weak interfacial interaction. These factors may consequently hinder the successful application of CNTs' unique properties. To overcome these problems different methods of functionalization are developed. Covalent functionalizations mainly tend to open the nanotubes by oxidative damage of their framework by strong acids [4] , strong oxidants [5] , ozone [6] or reactive plasma [7] and to subsequently generate oxygenated functional groups such as carboxyl, ketone, alcohol and ester groups, that serve to bound many different types of chemical moieties onto the ends and defect sites of the nanotubes. However, these methods have their drawbacks. During the functionalization reaction a large number of defects are created on the CNTs sidewalls, and in some extreme cases, CNTs are fragmented into smaller pieces. This results in severe degradation of the mechanical properties of CNTs as well as in disruption of π electron system in nanotubes which weakens their electrical and thermal conductivity. Another drawback is that concentrated acids or strong oxidants are often used for CNT functionalization which is inconvenient from environmental point of view. That is why noncovalent bonding modification is preferred. Suitable surfactants [8] , polymers [9] and biomolecules [10] are commonly used as modifiers. Recently, it was demonstrated that pigment particles [11] , carbon black [12] and CNTs [13] may be efficiently dispersed with the help of charged clay particles. Particularly, it was shown that introduction of charged nanoparticles (e.g. montmorillonite (MMT)) may significantly improve the dispersability of multiwalled CNTs in different media [13] [14] [15] .
In the present work, we investigate the dispersion behavior of hybrid nanofillers, composed of different ratios of CNTs and MMT, in various solvents (water, toluene, carbon tetrachloride). Тhe idea was, by a simple preparation of a physical mixture of the two nanomaterials with different geometric shapes, tubelike CNTs and plate-like MMT, to affect the CNTs' self aggregating forces. Adsorption and immobilization of CNTs on MMT particles should prevent them from collision and reaggregation [14, 15] . The choice of the solvents corresponds to our final goal, improved CNTs dispersion in natural rubber (NR) and successful preparation of NR based nanocomposites [16] . Most common routes to obtain elastomeric nanocomposites are latex compounding (NR latex is water based), solution mixing (toluene is the most used organic solvent). . The state of dispersion was initially assessed with a bare eye and then further measured by analyzing the suspensions using UV-visible spectrometry. Raman spectroscopy was used to demonstrate the interaction between the nanofillers. The thermal stability of the hybrid nanofillers was evaluated by TGA analysis. The obtained results are expected to be a good contribution in identifying an easy, efficient, economical, ecological and industrially viable way of producing easily dispersible, super reinforcing hybrid nanofiller.
EXPERIMENTAL SECTION
Materials. Carbon nanotubes, NC7000, a multiwall carbon nanotubes produced by catalytic carbon vapor deposition (CCVD) process, were supplied by NANOCYL S. A. (Belgium). The CNTs are 90% pure containing 10% metal oxides and have average diameter of 9.5 nm and average length of 1.5 μm. Sodium montmorillonite (MMT) with commercial name CLOISITE Na + was supplied by Southern Clay Products Inc. (USA). It is a natural bentonite with typical dry particle size < 25 μm and average intergallery distance d 001 = 1.17 nm.
Preparation of CNT/MMT hybrid nanofiller. Hybrid nanofillers were prepared at different MMT-to-CNT weight ratios, or α values, of 1, 2, 4, 6, 8, 10, 12 and 14. The procedure of the preparation was as follows; 1 mg of CNTs and adequate quantity of MMT (from 1 mg to 14 mg) were ground in a mortar and pestle with homogeneous stirring for 5 minutes. The sides of the mortar were occasionally scraped down with the pestle to ensure a thorough mixing. The mixture was washed from the mortar and pestle with 20 g of the solvents (deionized water, toluene or carbon tetrachloride). The samples of the hybrid nanofillers used for TGA and Raman spectroscopy characterization were obtained from water solutions. The solutions were centrifuged for 5 minutes at 5000 rpm and then dried 48h at 35 °C.
Characterization. Ultraviolet-visible (UVvis) absorbance was measured by a HP 8452A Diode Array UV-vis spectrometer at 550 nm. Thermogravimetric analysis (TGA) was performed on a Perkin-Elmer Pyris Diamond thermogravimetric analyzer (TG/DTA). The weight of the samples was in the range of 3.0-3.5 mg. The samples were heated at a heating rate of 10 °C/min from 30 to 900 °C in air atmosphere using ceramic pans. The Raman spectra of CNTs and MMT/CNT hybrid nanofillers were obtained using the 633 nm YAG laser line from a micro-Raman spectrometer (Horiba JobinYvon LabRam Infinity) with a focal length of 50×.
RESULTS AND DISCUSSION
Similar to the stacking of individual graphene layers in graphite, the Van der Waals and π-π stacking interactions are responsible for a strong attraction between individual CNTs. Accordingly, they tend to form bundles (of up to 100 individual nanotubes) and can be hardly dispersed in the absence of surfactants that shield the nanotube surface. However, when they were properly ground with plate-like MMT, the pulverized powders as a physical mixture became dispersible in water. This was first observed simply with bare eye, higher α value resulted in darker solution (Figure 1) , which is an indication that more CNTs are exfoliated and dispersed in the water with the increasing amount of added MMT in the hybrid nanofiller.
On the other hand this was not observed for the suspensions in toluene (Figure 2 ) and carbon tetrachloride. The dispersion was further measured by analyzing the suspensions using UV-visible spectrometry. The discovery of nanotube fluorescence [17] offers a precise method for detecting dispersion of individual nanotubes. Individual CNTs are active in the UV-vis region and exhibit characteristic bands corresponding to additional absorption due to 1D Van Hove singularities [18] [19] [20] . Bundled CNTs, however, are hardly active in the wavelength region between 200 and 1200 nm because their photoluminescence is quenched [21] . Therefore, it is possible to establish a relationship between the amount of CNTs individually dispersed in solution and the intensity of the corresponding absorption spectrum [22] . Experimentally, the comparison of dispersing ability by the UV-vis absorbance is plausible since the absorbance actually correlates well with the hybrid nanofiller concentration by following the Lambert-Beer law [23, 24] . The standard curves of absorbance against concentration were established at 550 nm for the hybrid nanofillers using the three different solvents: water (Figure 3) , toluene ( Figure  4 ) and carbon tetrachloride ( Figure 5 ). According to the UV-vis analyses MMT is most effective for enhancing the CNTs dispersion in water. The absorbance reached maximum when the MMT-to-CNT weight ratio α was 12. For the toluene and carbon tetrachloride these maximums were significantly lower and were achieved, for toluene when α approached 6 and for carbon tetrachloride when α = 14. MMT is strongly hydrophilic and swollen in water but lacks dispersing ability in most organic medium. It appears that the presence of MMT actually affects the CNTs selfentanglement through interaction with the involved medium. When this interaction is strong, like in the case of the water, then the improvement of the CNTs dispersion is much higher.
Raman spectroscopy was utilized to evaluate the interactions between CNTs and MMT particles in the hybrid nanofillers. Figure 6 shows the Raman spectra for the CNTs and the hybrid nanofillers with α values of 1 and 6. Raman spectra curves for the higher α values could not be recognized due to the strong scattering of the clay. CNTs have two characteristic peaks which are shown in Figure 6 . These bands are the G band at 1584 cm -1 which is characteristic for the C-C vibration of delocalized p-electrons with sp 2 hybridization and the D band at 1340 cm -1 which is characteristic for defects in the graphitic structures with sp 3 hybridization [25] . It is interesting to note that the addition of MMT in the hybrid nanofiller causes a considerable shift in both the D and G band by 20 cm -1 and 12 cm -1
, respectively. This shift of the G band in the presence of MMT is an indication of physical interaction between CNTs and MMT particles which further improves the dispersion of the CNTs in the solvents. From Figure 6 , the ratios of the peak intensity between D and G bands, I D /I G , were calculated. These ratios of the pristine CNTs, and CNT/MMT hybrids with α = 1 and α = 6 are 1.81, 1.4, 1.3, respectively. The decrease of the I D /I G ratios from the pristine CNTs to the hybrid nanofillers with different α values shows a decrease in disorder.
The results of TGA analysis, represented on Figure 7 , showed that the thermal stability of the hybrid nanofillers, as expected, increased with the increase of the MMT content. The increase of the clay content in the hybrid nanofiller resulted in increment in the decomposition temperatures (Table  1 ) compared with pure CNTs starting from temperatures at which 10% of mass loss occurred. For lower temperatures, the loss of mass was due to the evaporation of moisture that was captured in the clay galleries because MMT is strongly hydrophilic.
The improved thermal stability of the hybrid nanofillers compared to pure CNTs is also expressed through higher temperatures for the onset of thermal degradation (Table 1 ) and higher temperatures of maximum weight loss rate, determined from DTG curves presented in Figure 7 (b) ( Table 2 ).
CONCLUSIONS
Hybrid nano fillers were produced by simply grinding CNTs with MMT into fine powder. The presence of MMT significantly enhanced the dispersion of CNTs in water, but not so much in toluene and carbon tetrachloride. This is due to the strong interaction between water as a medium and MMT and poor interaction with toluene and carbon tetrachloride. A proper modification of MMT could lead to a better dispersion of CNTs in the desired solvent. The shift of the G band, in the Raman spectra, in the presence of MMT was an indication of a physical interaction between CNTs and MMT particles which further improves the dispersion of the CNTs in the solvents. The decrease of the I D /I G ratios from the pristine CNTs to the hybrid nanofillers with different α values showed a decrease in disorder. TGA analysis showed that the thermal stability of the hybrid nanofillers increased with the increase of the MMT content compared to pure CNTs. This was expressed through higher temperatures for the onset of thermal degradation and higher temperatures of maximum weight loss rate.
The obtained results are a good contribution in identifying an easy, efficient, economical, ecological and industrially viable way of producing easily dispersible, super reinforcing hybrid nanofillers. The incorporation of such hybrid fillers in NR based matrixes and their influence on the composite properties will be investigated in our future work.
